Mammalian neurofilament proteins, particularly midsized (NF-M) and heav y (N F-H) molecular weight neurofilament proteins, are highly phosphorylated in axons. Neurofilament function depends on the state of phosphorylation of the numerous serine/ threonine residues in these proteins. Most phosphorylation occurs in the lys-ser-pro (K SP) repeats in the C -terminal tail domains of N F-H and N F-M. In our previous study, cyclindependent kinase 5 (cdk5) was shown to phosphorylate specifically the K SPX K repeats in rat N F-H. Because 80% of the repeats are of the K SPXXXK type, it was of interest to determine which kinase phosphorylates these motifs. Using a synthetic KSPXXXK peptide to screen for a specific kinase, we fractionated rat brain extracts by column chromatography and identified extracellular signal-regulated kinase (Erk2) activated by an upstream activator, the mitogen-activated protein kinase kinase MAPK K (M EK), by Western blot analysis, sequence identification, and inhibition by a specific M EK inhibitor (PD 98059). The fraction containing Erk2, as well as bacterially expressed Erk1 and Erk2, phosphorylated all types of K SP motifs in peptides (KSPXK, KSPXXK, KSPXXXK, and KSPXXXXK) derived from NF-M and NF-H. They also phosphorylated an expressed 24 KSPXXXK repeat NF-H polypeptide, an expressed NF-H as well as dephosphorylated native rat NF-H, and NF-M proteins with accompanying decreases in their respective electrophoretic mobilities. A comparative kinetic study of Erk2 and cdk5 phosphorylation of KSPXK and KSPXXXK peptides revealed that, in contrast to cdk5, which phosphorylated only the KSPXK peptide, Erk2 could phosphorylate both. The preferred substrate for Erk2 was KSPXXXK peptide. The MEK inhibitor PD 98059 also inhibited phosphorylation of NF-H, NF-M, and microtubuleassociated protein (MAP) in primary rat hippocampal cells and caused a decrease in neurite outgrowth, suggesting that Erk1,2 may play an important role in neurite growth and branching. These data suggest that neuronal Erk1 and Erk2 are capable of phosphorylating serine residues in diverse KSP repeat motifs in NF-M and NF-H.
Neurofilaments (N Fs) in the adult mammalian nervous system consist of three major subunits: low molecular weight neurofilament protein N F-L (68 kDa), N F-M (95 kDa), and NF-H (115 kDa) (Liem, 1993) . Each subunit is organized into three domains; a central ␣-helical coiled-coil rod domain responsible for forming the 10 nm filaments separates an N-terminal head domain from a hypervariable C -terminus tail domain (Shaw, 1991) .
The dynamic behavior of these cytoskeletal proteins depends on their state of phosphorylation (Julien and Mushynski, 1982; Lazarides, 1982; Hirokawa, 1991; Nixon and Sihag, 1991; Nixon and Shea, 1992; Liem, 1993; Pant and Veeranna, 1995) . Multiple serine and threonine sites in the N-terminal head and carboxyl tail domain of the NF-L, NF-M, and NF-H subunits are phosphorylated at many different sites by a variety of second messenger-dependent and -independent protein kinases (Julien and Mushynski, 1983; Nixon, 1989, 1990) . Cyclic AMPdependent protein kinase (PKA) and protein kinase C (PKC) are the principal kinases targeting the head domain of NF-L Nixon, 1989, 1990; Gonda et al., 1990; Dosemeci and Pant, 1992) that, like desmin and vimentin, are believed to be important for the regulation of NF assembly in vivo (Ando et al., 1989) and in vitro . The glutamic acid-rich subdomains in the C-terminal tail domains of all NF subunits are phosphorylated by casein kinase I and II (Julien and Mushynski, 1983; Dosemeci et al., 1990; Link et al., 1993; Hollander et al., 1996) , although the function of this phosphorylation is not known.
Unlike other intermediate filaments (IFs) , NFs have characteristic "sidearms" that appear to bridge filaments (Hirokawa, 1982) . These arise from the hypervariable C-terminal tail domains of NF-M and NF-H and contain a series of lys-ser-pro (KSP) repeats that are distinct from NF-L and other IFs. Although the number and distribution of these repeats differ among species (Shetty et al., 1993) , most, if not all, are heavily phosphor-ylated in mammalian, chick, and squid axons (Julien and Mushynski, 1982, 1983; C arden et al., 1985; Cohen et al., 1987; Lee et al., 1988; Elhanany et al., 1994; Bennett and Quintana, 1997) . Phosphorylation of K SP repeats induces sidearm extension, which affects the ability of N Fs to associate with each other (Eyer and Leterrier, 1988; Nakamura et al., 1990) or with microtubules (Miyata et al., 1986; ). The diameter of axons and the axonal conduction velocity also are regulated by phosphorylation of N F-M and N F-H (de Waegh et al., 1992; Mata et al., 1992; Sakaguchi et al., 1993; Hoffman, 1995) . Normally, tail domain phosphorylation is restricted to the axon, but in neuronal pathologies such as amyotrophic lateral sclerosis (ALS) the hyperphosphorylation of these domains occurs in perikarya (Julien, 1997) .
Cdk5 has been shown to phosphorylate K SPX K repeats in neurofilament proteins (Lew et al., 1992a,b; Hisanaga et al., 1993; Veeranna et al., 1995 Veeranna et al., , 1996 Guidato et al., 1996a; Sun et al., 1996) , and it is likely that other members of the cdc2 kinase family recognize these motifs (Meyerson et al., 1992) . Moreover, Erk1,2 and stress-activated protein kinase (SAPK) have been implicated in the phosphorylation of N F-M and N F-H tail domains, using antibodies that could recognize N F-M / N F-H phospho/ dephospho-dependent epitopes Ingram, 1991, 1993; Chertoff et al., 1995; Mushynski, 1996, 1997) . No data, however, were provided to indicate which K SP motifs were phosphorylated by these kinases, as has been shown for cdk5. Finally, glycogen synthase kinase 3 (GSK3) also has been shown to phosphorylate N F proteins (Guan et al., 1991) . In vivo, it is likely that several different kinases may phosphorylate KSP motifs simultaneously. The question is, which K SP motifs are phosphorylated by each kinase?
We have been studying the neuronal kinases that phosphorylate the serine residues in the K SP repeats in rat NF-H. To identif y the specific kinases involved, we first analyzed all of the serine/threonine residues that are phosphorylated in vivo in the NF-H tail domain. It was found that only serine residues in KSP repeats were phosphorylated, suggesting that most, if not all, serines present in K SP repeats are phosphorylated in vivo (Elhanany et al., 1994) . Because neuronal cdk5 (or cdc2-like kinases) has been shown to phosphorylate only a limited number of KSPX K repeat sites of N F-H in vitro and in vivo (Lew et al., 1992b; Beaudette et al., 1993; Hisanaga et al., 1993; Shetty et al., 1993; Guidato et al., 1996a; Sun et al., 1996) , representing Ͻ20% of the total K SP repeats, we tried to identif y the kinase(s?) from neural tissue that could phosphorylate the remaining 80%, the KSPXXXK sites present in rat N F-H.
MATERIALS AND METHODS
Materials. The antibody to M EK and the M EK inhibitor PD 98059 were obtained from New England Biolabs (Boston, M A). Microcystin LR and antibody to phospho-independent M APK were obtained from C albiochem (La Jolla, CA). The antibody to the M APK phospho form was obtained from Promega (Madison, W I). The antibodies to tubulin, actin, and the enhanced chemiluminescence (ECL) reagent were from Amersham Life Sciences (Chicago, IL). Antibodies to N F-H (phosphodependent and -independent) (SM I 31, SM I 32, SM I 33) were obtained from Sternberger and Sternberger (L utherville, MD). Specific antibodies to N F-H, N F-M, and N F-L (N 52, N N 18, and N R 4) were obtained from Sigma (St. L ouis, MO). The antibody RMO 270, which recognizes N F-M, was obtained from Zymed (San Francisco, CA). Secondary antibodies conjugated to alkaline phosphatase and the N BT/ BCI P reagent for alkaline phosphatase were obtained from K irkegaard & Perry (Gaithersburg, MD). For chemiluminescence, the ECL kit from Amersham was used. (␥-32 P)ATP was obtained from New England Nuclear (Boston, M A). P11 resin and P81 phosphocellulose paper were obtained from Whatman (Maidstone, UK). Frozen brains were purchased from Pel-Freeze Biologicals (Rogers, AR). Immobilon membranes were from Millipore (Bedford, M A). Neurofilament custom peptides were made by Peptide Technologies (Gaithersburg, MD). Using rat N F-M and N F-H sequences as a guide (see Fig. 1 ), we prepared the following synthetic peptides EAK SPAEAK SPAEAK (K SPXXXK), VKSPAKEKAKS-PEK (K SPX K), and K AK SPV PK SPV EEV K P (N F-M peptide). T wo K SP repeats were included in each synthetic peptide. Okadaic acid was obtained from Life Technologies (Gaithersburg, MD), and leupeptin, aprotinin, and calpain inhibitor I and II were from Boehringer Mannheim (Indianapolis, I N). All other reagents were of analytical grade and were obtained from local companies.
P urification of a K SPXXXK phosphor ylating k inase f rom rat brain. Sixty grams of rat brain tissue were freed of meninges and blood vessels and homogenized with a Polytron homogenizer (Brinkmann Instruments, Westbury, N Y) in a 300 ml high salt extraction buffer consisting of (in mM) 20 Tris-HC l, pH 7.4, 1 each of EGTA / EDTA and DTT, and protease inhibitors (5 g /ml each of leupeptin, aprotinin, and pepstatin), 0.1 aminoethyl benzene sulfonyl fluoride (AEBSF), and 0.1 benzamidine plus 0.8 M KC l and 2 g /ml of the calpain inhibitors I and II. The brain homogenate was stirred at 4°C for 3 hr and centrif uged at 18,000 ϫ g for 30 min. The supernatant was centrif uged at 100,000 ϫ g for 60 min. The high-speed supernatant was dialyzed against a low salt buffer (L SB) consisting of (in mM) 20 Tris-HC l and 1 each of EDTA, EGTA, and DTT plus 5% glycerol (i.e., v/ v), pH 7.5. The dialysate was centrif uged at 50,000 ϫ g for 30 min. The dialyzed supernatant was applied to a preswollen P11 phosphocellulose cation exchanger preequilibrated with L SB in the ratio of 1:1.5 (v/ v) and washed until the absorbance was zero at 280 nm. The bound protein was eluted batchwise sequentially with 0.1, 0.5, 1, and 1.5 M NaC l in L SB in the ratio of 1:1.5 (v/ v). Most of the activity eluted at 0.5 M salt. This active eluate (250 ml) was dialyzed against L SB and loaded onto a 100 ml P11 phosphocellulose column connected to a Pharmacia (Piscataway, NJ) fast protein liquid chromatography (FPLC) system that had been preequilibrated with L SB and washed with the same buffer until the baseline was zero at 280 nm. The bound protein was eluted with a linear gradient of 0 -1 M NaC l in L SB at a flow rate of 1 ml /min, collecting 6 ml fractions. The active fractions were pooled and concentrated to 3.5 ml by dialysis against polyethylene glycol (PEG-250, IC N Biomedicals, C leveland, OH) and fractionated on a Superdex PG 200 FPLC column (Pharmacia Highload TM 26/60 preparative grade) equilibrated with 250 mM NaC l in L SB at a flow rate of 1 ml /min, collecting 2.5 ml fractions. This step was repeated by equilibrating the column with L SB and then eluting with the same L SB buffer. The fractions were assayed for kinase activity, using the KSPXXXK peptide as substrate. The most active fraction was used for identification and f urther characterization of the K SPXXXK kinase.
E xpression and purification of MEK and Erk1,2. Erk2 expression plasmids encoding Lys52Arg or Thr183Ala mutants were a generous gift of Melanie Cobb (University of Texas, Southwestern). Proteins were expressed in Escherichia coli and purified by Ni 2 ϩ -N TA-agarose chromatography as described (Robbins et al., 1993) . Recombinant M EK1, containing phosphorylation site substitutions S218E and S222D and the deletion of residues 44 -51 (DN4), has 630-fold greater activity than wild-type M EK1 (Mansour et al., 1996) . This mutant, referred to as G1C, was purified in soluble form from the E. coli BL21(DES)pLysS strain described (Mansour et al., 1994) . Cultures were grown at 30°C to an optical density at 600 nm of 0.6 in 750 ml of Terrific Broth, 125 g /ml ampicillin, and 25 g /ml chloramphenicol. To induce protein synthesis, we incubated the cultures for an additional 4 hr in the presence of 0.1 mM isopropyl-␤-D-thiogalactopyranoside (I P TG). The cells were resuspended in 35 ml of extraction buffer (10 mM potassium phosphate, pH 8.0, 10% (v/ v) glycerol, 0.25% (v/ v) T ween-20, 0.2% (v/ v) ␤-mercaptoethanol, 1 mM phenylmethyl sulfonyl fluoride (PMSF), and 2 mM benzamidine) and lysed by sonication; extracts were clarified by centrif ugation at 15,000 ϫ g for 30 min (Beckman JA-20 rotor, Fullerton, CA). Soluble M EK1 was adsorbed batchwise to Ni 2 ϩ -N TA-agarose (Qiagen, Chatsworth, CA), washed with 10 column volumes of extraction buffer, and eluted with extraction buffer containing 150 mM imidazole. M EK1 was purified f urther by adsorption to DEAE Sephacel (Pharmacia) resin and eluted with a buffer containing 25 mM Tris, pH 8.0, 10% glycerol, 100 mM NaC l, 0.01% (v/ v) Triton X-100, and 1 mM DTT. Enzyme was stored frozen at Ϫ80°C until used. Protein concentrations were determined after M EK was resolved by SDS-PAGE and the Coomassie-stained band was quantified by laser densitometry relative to bovine serum albumin standards. Erk1 was expressed as described (Crews et al., 1991) .
E xpression and purification of glutathione S-transferase (GST)-f used KSPXXXK, KSPXK repeat pol ypeptides, and f ull-length NFH. Full-length N F-H and K SPX K polypeptide were expressed and purified as described (Veeranna et al., 1996) . The K SPXXXK polypeptide was constructed and expressed as described below. The isolation of plasmid DNA and the purification of PCR products or restriction fragments were performed with a Wizard T4 DNA purification system (Promega). DNA ligation, T4 DNA polymerase reaction, and transformation were performed according to Sambrook et al. (1989) . DNA was sequenced by the dideoxy sequencing method, using Sequenase Version 2 (United States Biochemicals, C leveland, OH) as described by the manufacturer.
The f usion plasmid was prepared as follows. Plasmid from a rat N F-H construct in PET 3a (a gift from Dr. Ron Liem, Columbia University, N Y) was digested with BamHI to release the fragment of 3403 bp of f ull-length rat N F-H. This BamHI fragment was purified and digested with MboII. The largest fragment of 840 bp was purified and again digested with MscI to give the 468 bp fragment, exclusively rich in KSPXXXK motifs. This 468 bp fragment was cloned into pBluescript vector (pK S Ϫ ) at a SmaI site. Several clones were sequenced to verif y the insert and its orientation. An insert from the positive clone was f used to a glutathione transferase gene to express the protein. This was done in the following way. First, a mutagenic primer was designed to create a NcoI site near the junction of the insert at the 5Ј end of the recombinant plasmid pK S Ϫ . The sense primer 5Ј-GAT CCC CCC ATG GCA CCA GC T-3Ј was synthesized by BioServe Biotechnology (Laurel, MD) and used in a PCR reaction having K S as an antisense primer (Stratagene, La Jolla, CA) to get a HindIII site at the 3Ј end and the recombinant pK S Ϫ plasmid as a template. The resulting PCR product was digested with NcoI and HindIII and cloned into the expression vector pGEX4T-2N, a modified version of pGEX4T-2 in which NcoI and HindIII sites were created between the BamHI and EcoRI sites.
For expression, a single colony was inoculated into 100 ml of 2xYT medium containing 100 g /ml ampicillin and grown overnight at 37°C with shaking. One liter of the same medium was inoculated with an overnight culture at 1:100 dilution and grown up to 0.5-0.6 optical density. The synthesis of the GST recombinant protein was induced with 0.5 mM I P TG with subsequent incubation for 5-6 hr. C ells were harvested by centrif ugation at 3000 ϫ g for 10 min, and all subsequent procedures were performed at 0 -5°C. The pellet was resuspended in 20 ml of 1ϫ PBS containing protease inhibitors (1 g /ml each of leupeptin, aprotinin, and pepstatin), and the suspended cells were sonicated (four times with 50 duty cycles for 30 sec each) and centrif uged two times at 20,000 ϫ g for 30 min. The supernatant was mixed with a 1.5 ml bed volume of GST slurry, previously equilibrated with 1ϫ PBS, and mixed by end over end rotation for 14 hr. This mixture was passed through a column and washed with 10 bed volumes of 1ϫ PBS; f usion protein was eluted with 10 mM reduced glutathione, followed by dialysis against 1ϫ PBS. Protein estimation was performed with the bicinchoninic acid colorimetric reagent (Pierce, Rockford, IL).
Kinase assay. In most cases, kinase assays were performed as described (Shetty et al., 1993) , using the N F-H-derived 15mer peptide with two KSPXXXK repeats as substrate. Briefly, the assay was performed in a total volume of a 50 l reaction mixture containing (in mM) 50 Tris-HC l, pH 7.4, 5 MgC l 2 , 1 each of vanadate, EGTA, EDTA, DTT, (␥-32 P)ATP, and 0.2 peptide substrate plus 0.1 M okadaic acid or microcystin LR and 10 l of enzyme. When bacterially expressed enzymes M EK and Erk1,2 were used, 1.6 g of Erk1 or Erk2 and 0.3 g of M EK were preincubated in the presence of 50 M ATP-Mg containing phosphorylating buffer for 2 hr. Aliquots of this mixture were used as an active Erk1,2. The reaction was initiated by the addition of (␥-32 P)ATP, incubated at 30°C for 2-4 hr, and terminated by transferring an aliquot onto P81 phosphocellulose squares. The kinetics were linear up to 4 hr. The phosphocellulose squares were air-dried, washed five times for 15 min each in 75 mM phosphoric acid and once in 95% ethanol, air-dried, and transferred to vials containing Biosafe II Tm (Research Products International, Mount Prospect, IL) scintillation fluid for counting in a Beckman scintillation counter (model SL 3801).
Phosphor ylation of bacteriall y e xpressed NF-H and K SPXXXK fusion proteins. Phosphorylation of the protein substrates was performed with expressed M EK and Erk2 as described in the kinase assay as above, with 5 g each of expressed K SPXXXK polypeptide derived from rat N F-H (24 K SP repeats) or expressed f ull-length N F-H. The reaction was stopped by the addition of Laemmli sample buffer. An aliquot of the reaction mixture was heated for 5 min at 90°C and electrophoresed on a 10% SDS-PAGE gel (unless mentioned otherwise) stained with Coomassie blue or silver, dried after treatment with PAGE fixative (5% acetic acid and 10% each of glycerol and methanol), and autoradiographed with Kodak Biomax x-ray film. Phosphorylation of the K SPX K peptide was performed as described by Shetty et al. (1993) .
Electrophoresis and Western blot anal ysis. SDS-PAGE of protein samples was performed essentially as described by Laemmli (1970) . Gels were stained either with silver or Coomassie blue R-250 to visualize the proteins and dried, followed by autoradiography. Samples for Western blot analysis were transferred to Immobilon-P in a Genie electroblotter (Idea Scientific, Minneapolis, M N), and membranes were incubated with polyclonal antibodies to M EK or P-M APK overnight at 4°C, washed five times for 15 min each in 20 mM Tris-buffered saline with 0.2% T ween, and incubated with alkaline phosphatase-conjugated secondary antibodies for 1 hr at room temperature, washed as above, and developed by using BCI P/ N BT single substrate reagent (K irkegaard & Perry). Alternatively, Western blot analysis was performed with horseradish peroxidase-conjugated (HRP) secondary antibody after the ECL protocol (Amersham Life Science).
Identification of MEK by Edman degradation. Protein bands corresponding to the kinase activity were excised and subjected to in situ proteolytic digestion with 1.5-2.0 g /ml modified trypsin (sequencing grade; Promega) essentially according to the method of Moritz et al. (1995) . Washing steps were performed at 50°C. The resulting digests were separated at 0.25 ml /min with a gradient described by Fernandez et al. (1992) on a narrow bore (2.1 ϫ 250 mm) Vydac 218TP52 and guard column (Separations Group, Hesperia, CA) at 35°C, using a System Gold HPLC equipped with a model 507 autosampler, model 126 programmable solvent module, and model 168 diode array detector (Beckman). Column effluent was monitored at 215 and 280 nm. Fractions were collected at 30 sec intervals and stored at Ϫ70°C. Fractions (125 l) containing tryptic peptides were applied in 30 l aliquots to a Biobrene (Applied Biosystems, Foster C ity, CA) treated glass fiber filter and dried before amino acid sequencing on a model 477A pulsed-liquid protein sequencer equipped with a model 120A P TH analyzer (Applied Biosystems), using the methods and cycles supplied by the manufacturer. Data were collected and analyzed on a model 610A data analysis system (Applied Biosystems). Amino acid sequences were searched in the GCGSwiss Protein Database (University of Wisconsin Genetics Computer Group).
Immunoprecipitation of MEK and Erk2 f rom rat brain e xtracts. Immunoprecipitation of M EK and Erk2 from rat brain extracts was performed with the specific antibodies according to the procedures described (Veeranna et al., 1996) . The immunoprecipitates (I P) subsequently were analyzed by SDS-PAGE and Western blot analysis.
T ime course of phosphor ylation. The N F proteins were prepared from rat spinal cord and dephosphorylated as described earlier (Shetty et al., 1993; Veeranna et al., 1995 Veeranna et al., , 1996 . To study the time course of phosphorylation by Erk2 and its effect on the electrophoretic mobility of expressed and native alkaline phosphatase-dephosphorylated N F proteins, we performed the assays as described above, using the bacterially expressed Erk2 and M EK mixture or cdk5/p25 as the enzyme source. The reaction was stopped at different time points (ranging from 0 to 12 hr) by the addition of Laemmli's buffer and electrophoresed as described above. Another aliquot from each reaction was transferred to a P81 phosphocellulose pad, dried, washed, and counted in a liquid scintillation counter; then the data were analyzed.
Kinetic studies. K inase assays were performed with varying substrate concentrations of K SPXXXK 15mer and K SPX K 14mer peptides with the expressed Erk2 and M EK mixture and an activated expressed cdk5/ p25 prepared as described (Lee et al., 1996) as enzyme sources. Erk2 and M EK were identified as single bands on SDS-PAGE. The quantity of cdk5, however, was determined by a densitometric comparison of SDS-PAGE band density with known standards. Activities for each enzyme were measured at various substrate concentrations. The data were fit to the Michaelis-Menten equation v ϭ V max [peptide conc]/K m ϩ [peptide conc] and were analyzed by a nonlinear least-squares program to determine the K m and V max values by using Kaleidograph Synergy Software.
Cell culture and MEK inhibitor anal ysis. The hippocampal cell culture technique was based on the procedures described by Banker and Goslin (1991) . Briefly, cultures were prepared by trypsin dissociation of E21 fetal rat hippocampi and plating onto poly-L-lysine-coated coverslips in six-well dishes or six-well dishes without coverslips in M EM plus 2 mM Glutamax (Life Technologies) plus 10% heat-inactivated horse serum.
After 1 hr at 37°C (for cell attachment), the medium was replaced with glial-conditioned medium (GC M) [M EM with 2 mM Glutamax plus N3 supplement (Ransom et al., 1977 ) (Sigma) plus 0.1% ovalbumin] Ϯ 50 M PD 98059 or Ϯ dimethyl sulfoxide (DMSO) carrier control. To insure that the inhibitor level remained effective, we replaced the medium at 24 hr with GC M Ϯ drug or DMSO. At 48 hr in culture, the cells were taken for cell viability assay for the effect of M EK inhibitor on neurite outgrowth by immunocytochemical assay (ICC), using FI TC -conjugated SM I 31 antibody, and were taken for Western blot analysis to assess the levels of phosphorylated N F-H, N F-M, and M AP. C ell viability was determined by the procedure of Jones and Senft (1985) . After 48 hr, coverslip cultures were washed one time with PBS and then incubated with 2 ml of Vital stain [10 g /ml fluorescein diacetate (F DA) and 3 g /ml propidium iodide (PI) in PBS] for 3 min at room temperature. The percentage of live (green F DA-stained) versus dead cells (red PIstained) was assessed by counting through fluorescein and rhodamine filters.
For Western blot analysis, cell cultures were washed one time in PBS and then lysed osmotically with distilled water containing protease inhibitors and 0.2% Triton X-100. The protein concentration was determined, and the lysates were precipitated with 7.2% TCA and centrif uged. The TCA pellet was dissolved in BUST buffer (60 mM Tris-HC l, pH 6.8, containing 1% SDS, 8 M urea, and 1% ␤-mercaptoethanol), sample buffer was added, and equal amounts of protein were aliquoted for SDS-PAGE (8 -16% gradient gel). The Western blots were probed as described below, using SM I 31, SM I 32, SM I 33, N 52, N N 18, N R 4, and RMO 270 antibodies to determine the nonphosphorylated and phosphorylated N F-H and N F-M as well as M APS and N FL. Antibodies to actin and tubulin also were used to characterize any changes in these proteins. Four separate experiments were performed with similar results.
RESULTS

Purification of KSPXXXK-specific phosphorylating kinase from rat brain
Throughout the purification, kinase activity was monitored by using the KSPXXXK peptide as substrate (Fig. 1) . K inase activity was undetectable in the high salt (0.8 M NaC l) and crude homogenate and was barely detectable in the 100,000 ϫ g supernatant. On overnight dialysis with L SB, followed by centrifugation at 50,000 ϫ g, the supernatant displayed a clearly detectable activity (0.25 pmol /mg per minute). The fractions showing this activity were bound to P11 phosphocellulose, and the activity was eluted with 0.5 M NaC l in a batch process, yielding 46-fold purification. Dialysis of this eluate against L SB enhanced the enzyme activity. Further purification was obtained on dialysis, and further fractionation of this active eluate was obtained by using a P11 phosphocellulose column in a FPLC system. This step enhanced the specific activity ϳ400-fold. The active fraction, eluting at 0.25 M NaCl (Fig. 2 A) , was sized on a Superdex PG 200 column equilibrated with 250 mM salt. This step resulted in a loss of enzyme activity, with only a negligible "peak" eluting at ϳ44 -45 kDa ( filled circles, Fig. 2 B) , suggesting that at 0.25 M salt the kinase was separated by the sizing column from an associated activator. If, indeed, 0.25 M salt dissociated the kinase and an activator on the sizing column, then sizing in low salt should restore the activity, which, in fact, occurred, as shown in Figure  2 B (open circles). A considerable amount of activity eluted at 70 -90 kDa, implying that reconstitution of the fractions sized at 0.25 M salt also might restore activity. Accordingly, sized pooled fractions 43-47 (fraction A), which showed negligible activity at high salt (closed circles), resulted in a fivefold increase in enzyme activity when it was combined with fraction 51 after dialysis (Fig.  2C ). This clearly suggested that the kinase activity depended on the coelution of components of slightly different molecular weights that were dissociated by 0.25 M salt on a sizing column but that remained together to form the active kinase on a P11 column at the same salt concentration.
Identification of the KSPXXXK kinase
To identify the kinase, we selected different active fractions obtained from the sizing column at low salt on the basis of the levels of kinase activity, and we electrophoresed them. The results of this analysis are shown in Figure 3 . A silver-stained gel of fractions 18 -46, shown in Figure 3A , was used to locate the kinase band from these fractions. The protein band at 45 kDa in Figure 3A was found to track both the level of activity (Fig. 3B ) and the intensity of the silver-stained protein bands in these fractions. An autoradiogram obtained after phosphorylation of these fractions revealed the presence of two phosphorylated bands, one at 45 kDa and another at 42 kDa (Fig. 3C) , both corresponding to the activity levels seen in Figure 3B . These were the principal phosphorylated proteins in these fractions.
To identify the 45 kDa band, we cut it from the gel, digested it with trypsin, and sequenced the peptides by Edman degradation (see Materials and Methods). Amino acid sequence of three peptides , and YPIPPPDAK (259 -68) derived from the 45 kDa band matched 100% with the sequence of rat MEK. Because it is known that MEK specifically phosphorylates MAPK (Erk1,2) (Ahn et al., 1991; Nakielny et al., 1992) , it seemed likely that the KSPXXXK-specific kinase activity in these fractions was attributable to the 42 kDa band, the likely candidate for Erk2. Accordingly, a Western blot analysis of fraction 34 showed the presence of both the MEK and Erk2 kinases at the appropriate molecular weights (Fig. 3D) . This suggested that both molecules were essential for the phosphorylation of the KSPXXXK peptide, with MEK phosphorylating Erk2, which, in turn, was activated to phosphorylate the peptide. This hypothesis also offered an explanation for the results obtained in high salt on the sizing column (Fig. 2C) . It is likely that fraction A contained both MEK and Erk2, with the former predominating, which accounted for the low basal activity, whereas fraction 51 probably contained Erk2. Mixing the two fractions reconstituted the activity. Indeed, this was confirmed by a Western blot analysis that used antibodies to MEK and Erk2 (Fig. 2 D) .
Immunoprecipitation of rat brain homogenate with Erk2 and MEK antibodies
The behavior of MEK and Erk2 in low and high salt suggested that the two kinases may form a heterodimer normally in vivo that is dissociated in high salt in a sizing column. This hypothesis was tested by IP experiments of rat brain extracts, using antibodies to MEK and Erk2 (Fig. 3E) . A MEK antibody was used to show the presence of MEK reactivity in MEK and Erk2 IPs, respectively. It was evident that MEK was present in the control MEK IP, as expected, and was coimmunoprecipitated in the Erk2 IP. Reciprocally, an Erk2 antibody recognized Erk2 in the control Erk IP, which also was coimmunoprecipitated in the MEK IP. The results support the hypothesis that an active complex of MEK and Erk2 does exist in tissue extracts, which is not surprising, because MEK must phosphorylate Erk2 for activation (Ahn et al., 1991) .
Effect of a specific MEK inhibitor on peptide phosphorylation
To confirm the above interpretation, we studied KSPXXXK peptide phosphorylation by fraction 34 in the presence of a MEK-specific inhibitor, PD 98059 (Alessi et al., 1995; Pang et al., 1996) (Fig. 4) . The inhibitor added directly to the assay abolished the phosphorylation of the KSPXXXK peptide. The K I value of 10 M indicates the involvement of MEK in this phosphorylation (Fig. 4, closed circles) . The addition of PD 98059 after a preincubation of the enzyme preparation with ATP, however, was ineffective in inhibiting the KSPXXXK kinase 4 activity was monitored by using a K SPXXXK peptide as substrate. B, Elution profile of K SPXXXK peptide phosphorylating activity in Superdex 200 column chromatography in the presence of high (0.25 M) and low salt buffers. The active fractions from the P11 column were pooled, concentrated, and applied to a preparative grade Superdex 200 column equilibrated with L SB plus 0.25 M NaC l. Fractions were eluted with the same buffer (L SB) at a flow rate of 1 ml /min and assayed for kinase activity. Note the loss of kinase activity in the presence of high salt (F-F), as compared with the activity observed in low salt (E-E). Peak activity was noted in the range of 70 -90 kDa. C, Representation of the reconstituted activity after a fraction exhibiting a low activity (fraction A, pool of fractions 43-47) was mixed with inactive fraction 51 (A ϩ 51) after dialysis. D, Representation of the Western blot analysis of fractions A and 51, using M EK1,2 and Erk1,2 antibodies. Note the absence of MEK in fraction 51, which is responsible for a lack of activity in this fraction.
Figure 2. Fractionation of K SPXXXK kinase.
A, Elution profile of KSPXXXK peptide phosphorylating activity in P11 phosphocellulose column chromatography. The active fraction eluted at 0.5 M salt from the P11 batch extraction was dialyzed in L SB and applied to a P11 column preequilibrated with LSB. The column was connected to a FPLC system and washed with LSB until the baseline was zero at 280 nm. Subsequently, the column was eluted with a salt gradient of 0 -1.0 M NaC l in L SB with a flow rate of 1 ml/min. Fractions (6 ml) were collected, and the kinase activity (Fig. 4, closed triangles) . This indicates that, after previous MEK phosphorylation of the putative MAPK (Erk2) included in fraction 34, the activated MAPK (Erk2) could phosphorylate the peptide, even in the presence of the specific MEK inhibitor. Because the inhibitor is known to prevent phosphorylation of MEK (Alessi et al., 1995) , it is likely that fraction 34 probably contains an activator of MEK, perhaps in addition to other upstream components of the signal transduction cascade implicated in the activation of Erk2.
Finally, further confirmation came from studies of KSPXXXK peptide phosphorylation that used bacterially expressed recombinant MEK and Erk1 and Erk2 (Fig. 5) . Neither MEK nor Erk1,2 alone could phosphorylate the peptide, but aliquots of fractions containing both MEK and Erk1,2 led to significant peptide phosphorylation. The mixture of MEK and Erk1,2 preincubated with ATP was more active than without previous incubation, indicating the importance of previous phosphorylation of Erk1,2 by MEK. These data also reveal the fact that phosphorylation of Erk1,2 by MEK forming an active Erk1,2 is both necessary and sufficient to phosphorylate the KSPXXXK peptide.
Erk1 and Erk2 phosphorylate all KSP motifs
We next tested whether Erk1 and Erk2 were capable of phosphorylating other KSP peptide motifs found in neurofilament proteins. Bacterially expressed Erk1 and Erk2 were used in phosphorylation assays in which different KSP peptides were compared as substrates, all at the same concentration (0.2 mM) (Fig.  6) . A KSPXK peptide (with two KSP motifs), a synthetic peptide corresponding to two K SP repeat sequences in the NF-M tail [containing a K SPX X K and a K SPXXXXK motif (see Fig. 1 ), NF-M peptide], in which the serines are known to be phosphorylated endogenously (Xu et al., 1992) , was compared with the KSPXXXK peptide (also with two K SP repeats). All peptide substrates were phosphorylated by both kinases. Maximum activity was obtained with the N F-M peptide, and the K SPX K peptide was the poorest substrate under these conditions. These data suggest that Erk1 and Erk2 are both capable of phosphorylating all KSP motifs in neurofilament proteins.
Erk2 phosphorylates bacterially expressed rat NF-H and a NF-H KSP repeat tail domain
Because Erk2 phosphorylated small (14mer-16mer) peptides containing only two KSP repeats, we asked whether they can phosphorylate larger polypeptides and NF-H protein with many more KSP repeats. To answer this, we used bacterially expressed rat NF-H (52 KSP repeats) and NF-H C-terminal tail domain containing 156 amino acid residues with 24 KSP repeats (KSPXXXK polypeptide). The expressed Erk2 in the presence of MEK could phosphorylate both substrates actively. Phosphorylation resulted in a profound decrease in the electrophoretic mobilities of the respective phosphorylated products (Fig. 7A) . Both nonphosphorylated substrates (Fig. 7A, lane 1 ) migrated more rapidly than the phosphorylated products (Fig. 7A, lanes 2,  3) , as seen in silver-stained gels and respective autoradiographs.
The time course of this shift in mobility could be followed during Erk2 phosphorylation of the bacterially expressed substrates (Fig. 7B) . After 1 hr of incubation a slight shift in mobility was noted, which continued for several hours until it leveled off after 10 -12 hr, suggesting a progressive increase in phosphorylation stoichiometry. At 12 hr, stoichiometry reached 7.53 mol of phosphate/mol of expressed rat neurofilament protein, with a concomitant shift in electrophoretic mobility. Similarly, bacterially expressed KSPXXXK polypeptide also was phosphorylated to 5.1 mol of phosphate/mol of fusion protein over 12 hr, with a clear shift in mobility (Fig. 7B) .
A similar shift in mobility can be demonstrated in the native NF-H and NF-M preparations (Fig. 7C) . Here, too, the phosphorylation of these native neurofilament preparations followed a time course that was similar to the expressed substrates and shifted their molecular weights to their respective phosphorylated states. Phosphorylation of the many KSP sites on these more complex substrates requires a much longer incubation for stoichiometric phosphorylation, suggesting that the kinetics of phosphorylation may be significantly different from the kinetics observed with the smaller peptide substrates.
Comparison of Erk2 and cdk5 phosphorylation of KSP motifs
As indicated in the introductory remarks, other proline-directed kinases are known to phosphorylate KSP repeats in NF proteins. These include cdc2-like kinases (Shetty et al., 1993) , GSK3 (Guan et al., 1991) , cdk5 (Hisanaga et al., 1991; Lew et al., 1992a) , and the stress-activated SAPK Mushynski, 1996, 1997) . To compare the relative substrate preferences of Erk2 with cdk5, we performed kinetic studies, using the KSPXK and KSPXXXK peptides as substrates. The assays were performed for 2 hr at 37°C at different substrate concentrations. The amount of enzyme added in each assay was Erk2 ϭ 1.6 g, MEK ϭ 0.3 g, cdk5 ϭ 0.55 g, and p25 ϭ 0.93 g; the Michaelis-Menten values were calculated and are shown in Table 1 . It is evident that the KSPXXXK peptide is a much better substrate for Erk2 than is the KSPXK peptide; the low K m for KSPXXXK peptide shows a higher affinity, and the V max /K m value is six times greater than for the KSPXK peptide. The active cdk5/p25, however, was unable to phosphorylate the KSPXXXK peptide. Cdk5 showed a higher specificity toward the KSPXK peptide, with a K m of 0.4 mM and a V max /K m value of 0.10. With respect to the ability of these Figure 5 . Phosphorylation of K SPXXXK peptide by recombinant M EK and Erk1,2. The kinases were used either alone or together in a standard kinase assay system with the peptide substrate. Activity was obtained only when both MEK and either Erk1 or Erk2 were present. In all assays, 1.6 g of Erk and 0.3 g of M EK-G1C were used; the peptide concentration was 0.2 mM. (Figure legend continued) kinases to phosphorylate expressed rat N F-H, an expressed cdk5/ p25 complex was assayed under conditions identical to those in Figure 7 . C dk5 phosphorylated rat N F-H at a much lower stoichiometry than Erk2 (Ͻ1 mol P/mol) and failed to produce any electrophoretic shift (data not shown). C dk5/p25 is much less active than Erk2 in phosphorylating rat N F-H under identical conditions.
Effect of MEK inhibitor PD 98059 on neurofilament protein phosphorylation and neurite outgrowth in cultured hippocampal cells
Because all of the studies described above were in vitro, it was important to demonstrate that M APK (Erk1,2) phosphorylation of NF proteins also occurred in neuronal cells. The M EK inhibitor PD 98059 was shown to inhibit M EK and M APK kinase activity in vivo and in vitro (Alessi et al., 1995) and also blocked nerve growth factor (NGF)-induced M APK activation and neurite outgrowth in PC12 cells (Pang et al., 1996) . To determine whether Erk1 and Erk2 are involved in cytoskeletal protein phosphorylation in vivo, we studied the effect of the M EK inhibitor PD 98059 on N F phosphorylation and neurite outgrowth in primary cultures of rat hippocampal cells. C ell cultures were exposed to a 50 M concentration of the M EK inhibitor for 48 hr and then were lysed and prepared for SDS-PAGE and Western blot analysis. In matched cultures neuronal cell viability was ϳ80 -90% after 48 hr, using F DA / PI staining to distinguish live cells from dead cells; ϳ90% of these cells were neurons, as determined with a tau-specific antibody. The results described below are based on four separate experiments.
Initially, we assayed the kinase activity of extracts of treated and control cultures, using the N F-M peptide as a substrate. The results showed 73% inhibition of phosphorylation after 48 hr of drug treatment. In the preliminary Western analyses, immunoblots with the conventional alkaline phosphatase reaction were too insensitive to detect any SM I 31 reactivity in controls or experimentals, which is consistent with the report of Benson et al. (1996) . Evidently, in these initial stages of neurite outgrowth (48 hr) in these primary cell cultures, only low levels of N F proteins were present (Benson et al., 1996) . Accordingly, we resorted to the more sensitive ECL procedure, and in these immunoblots we observed a marked reduction in the reactivity of phosphorylated NF-H and N F-M with SM I 31 antibody in treated cells (Fig. 8) . In addition, the treated cells also expressed a significant reduction in the reactivity of phosphorylated M AP with the same antibody, suggesting that the inhibitor reduced neurofilament and MAP phosphorylation via its inhibition of MEK and Erk1,2 (Alessi et al., 1995; Pang et al., 1996) .
To determine whether the effect that was observed was not a result of decreased total cells or NF protein, we used antibodies to actin and tubulin and several antibodies to nonphosphorylated or phospho-independent NF-H, NF-M, and NF-L (Fig. 8) . First, it is apparent that the levels of total protein, as assayed by actin and tubulin expression, were unaffected by the drug treatment. The more relevant results, however, were obtained with the NF antibodies. Antibodies to NF-M and NF-L yielded unequivocal data in support of the hypothesis that the drug inhibited MAPK (Erk1,2) phosphorylation of neurofilament proteins without any appreciable change in total neurofilament protein. The antibody to NF-L, NR-4, exhibited no change in reactivity as a result of the treatment, suggesting that this subunit, which is primarily responsible for NF assembly, has not been affected by the drug. Although the SMI 31 antibody displayed a significant decrease in phospho NF-M as a result of drug treatment, antibodies to phospho-independent NF-M (NN 18) exhibited no significant change in the level of reactivity between controls and experimentals. Moreover, another phospho-independent antibody, RMO 270, showed very strong expression, with only a slight indication of a decrease of NF-M in the drug-treated cells. The decrease, however, was much less than the decline in the phosphorylated epitopes as detected by SMI 31. Thus, with respect to NF-L and NF-M, the data suggest that the drug treatment did not produce a significant loss of NF protein.
Several phospho-independent antibodies were used to assay the effect of drug treatment on NF-H. Here, SMI 33, which recognizes a nonphosphorylated epitope on both phosphorylated and nonphosphorylated NF-H (phospho-independent), did detect a drug-induced decrease in the total NF-H (phospho and dephospho), but it was proportionately less than that observed in the phospho NF-H as detected by the SMI 31 antibody. Evidently, the level of the nonphosphorylated NF-H in these growing hippocampal cells was relatively low, because no dephospho NF-H was detected. SMI 32, an antibody that reacts specifically with a nonphosphorylated epitope on NF-H, failed to detect any NF-H in controls or experimentals, suggesting that the level of the dephospho antigen was too low to detect, possibly as a consequence of augmented proteolysis of dephosphorylated NF-H (Goldstein et al., 1987; Pant, 1988) . Another phospho-independent NF-H anti-4 addition of Laemmli's buffer, heated for 5 min, and loaded on to a 7.5% SDS gel; the proteins were visualized by staining with Coomassie blue stain. Note the time-dependent decrease in the electrophoretic mobility of the polypeptide and expressed N F-H as a f unction of increased phosphorylation. C, Time course of phosphorylation of native dephosphorylated N F-H and N F-M by Erk2. Both substrates exhibit decreased electrophoretic mobility after phosphorylation (proteins were visualized by silver staining after SDS-PAGE, using a 6% gel). The concentrations of M EK and Erk2 were 0.3 and 1.6 g, respectively. body, N 52, which reacted robustly with both phospho and nonphospho NF-H as distinct bands in a NF preparation from rat brain (data not shown), did not recognize any NF-H epitopes in these cells. It is possible that the failure to detect N 52 expression of NF-H in these cells is attributable to the masking of the N 52 epitopes by previous cdk5 phosphorylation, as was seen in Cos cells cotransfected with NF-H and cdk5/p35 (Guidato et al., 1996b) . It seems that the efficacy of an antibody in detecting particular epitopes is dependent on the avidity of the antibody, the cell type, the amount of stable antigen, and the state of NF phosphorylation. This suggests that some NF-H epitopes recognized by N 52 and SMI 32 either are expressed at low levels or are cryptic at these early stages of hippocampal cell culture and cannot be detected. The authenticity of immunostaining of NF proteins by SMI 32, SMI 33, and N 52 antibodies was verified by using a neurofilament preparation from rat brain as a positive control. These antibodies could detect both the dephospho and phosphorylated forms of NF-H (data not shown). A visual comparison of neurite outgrowth revealed that the density of neurites in treated cultures was less, and the average length of neurites stained with SM I 31 antibody was also less, than in control cultures (Fig. 9) . The extent of neurite branching was reduced significantly in the treated cultures (Fig. 9E,F ) . It should be noted that SMI 31 also reacted strongly with phosphorylated MAPs, which probably contributes to much of the neurite staining seen in these cells. These data suggest that MAPK (Erk1,2) phosphorylation of NF-H, NF-M, and MAPs in neurites may be an important factor in the regulation of cytoskeletal dynamics during neurite outgrowth in cultured hippocampal cells.
DISCUSSION
Our data suggest that Erk1 and Erk2 are key players in the phosphorylation of all types of KSP repeat motifs in the tail domains of rat NF-H and NF-M. We have shown that Erk1 and Erk2 actively phosphorylated KSP repeats in KSPXK, KSPXXK, KSPXXXK, and KSPXXXXK motifs in peptides derived from NF-M and NF-H. Moreover, a bacterially expressed KSPXXXK polypeptide with 24 KSP repeats derived from the NF-H tail domain, an expressed rat NF-H, and the dephosphorylated native NF-H and NF-M in a rat neurofilament preparation were all phosphorylated progressively over a 12 hr time course with a concomitant shift in their respective electrophoretic mobilities. The stoichiometry for the KSP polypeptide with 24 KSP repeats was 5 mol P incorporated per mole whereas that for expressed NF-H was 7 mol P/mol. Evidently, only 21% of KSP sites in the former and ϳ14% of potential sites in the latter were phosphorylated. The relatively small proportion of sites phosphorylated in both substrates suggests that the conformation of the expressed proteins was such that only a small number of sites were accessible for phosphorylation. Phosphorylation of these sites, however, produced a conformational change sufficient to affect the electrophoretic mobility of these substrates.
MAPK previously has been implicated in the phosphorylation of KSP repeats in dephosphorylated neurofilament proteins with accompanying shifts in electrophoretic mobility Ingram, 1991, 1993; Chertoff et al., 1995) . For the most part, these studies were based on Western blot analyses, with NF-M identified as the preferred substrate (e.g., only NF-M showed a full shift in mobility on phosphorylation). In no case, however, were the specific KSP motifs characterized.
Other proline-directed kinases such as cdc2 and cdk5 also phosphorylate KSP repeats in tail domains of NF proteins (Hisanaga et al., 1991; Lew et al., 1992a; Beaudette et al., 1993; Shetty et al., 1993; Guidato et al., 1996a; Sun et al., 1996) . Similar shifts in the electrophoretic mobilities of bovine NF-H were observed after phosphorylation by a proline-directed cdc2 kinase from sea urchin oocytes with a stoichiometry of only 4 mol P/mol dephosphorylated NF-H (Hisanaga et al., 1991) . The sequence of bovine NF-H is not known; therefore, the types of KSP motifs in that protein cannot be evaluated. It may be similar to human NF-H for which the predominant KSP motif is KSPXK. Although cdk5 phosphorylated rat NF-H (expressed or dephosphorylated native NF-H), it did so at a much lower stoichiometry than Erk2 (Ͻ1 mol P/mol) and failed to produce any apparent shift in electrophoretic mobility (data not shown). Cdk5 phosphorylation of dephosphorylated human NF-H, however, in which 77% of the KSP repeats are of the KSPXK motif, did produce an electrophoretic shift (Pant et al., 1997) . In rat and mouse, for which KSPXK repeats are proportionately much less (20%), no shift was observed in vitro. A shift in rat NF-H mobility, however, was noted by Western analysis after in vivo phosphorylation in Cos cells cotransfected with cdk5/p35 and expressed full-length NF-H (Guidato et al., 1996b) . In this more complex in Figure 8 . Effect of PD 98059 (M EK inhibitor) on phosphorylation and protein levels of cytoskeletal proteins in primary cultures of rat hippocampus. Equal amounts of protein (5 or 10 g) were used for SDS-PAGE and Western blot analysis of lysates from control, DMSO-treated, and DMSO plus PD 98059-treated hippocampal cells. As controls for total cell protein, the immunoblots of actin and tubulin did not undergo any alteration in the treated cells. Neurofilament antibodies: N R-4 reacts with total NF-L; NN-18 reacts specifically with phospho-independent N F-M; SMI 31 reacts with phosphorylated N F-H, N F-M, and M AP; SM I 33 is reactive with the phosphorylation-independent epitope in N F-H; and RMO 270 reacts with a phosphorylation-independent epitope in N F-M. P, Phospho-dependent; PI, phospho-independent; CONT, control; DMSO, dimethyl sulfoxide-treated; Treated, cells treated for 48 hr with 50 M PD 98059 in DMSO. vivo system, it is possible that cdk5 phosphorylation potentiated further sequential phosphorylation of N F-H by other kinases in a manner shown to occur in the phosphorylation of tau (Sengupta et al., 1997) . This suggests that a threshold number of specific KSP sites must be phosphorylated to induce a conformational change sufficient to affect electrophoretic mobility.The K m data from the kinetic studies also indicate that for Erk2 the KSPXXXK is a better substrate than K SPX K . Nevertheless, in contrast to cdk5, Erk1 and Erk2 also phosphorylate all other KSP motifs in the tail domains of N F-H and N F-M, which suggests that, although both kinases may phosphorylate N F tail domains in vivo, Erk1 and Erk2 are more important for K SP phosphorylation with respect to the number of available sites on N F-H.
Another serine/threonine kinase in the M APK family, the stress-activated SAPK , has been shown to phosphorylate KSP repeats in the tail domain of N F-H Mushynski, 1996, 1997) . Various stress-activating factors resulted in an aberrant rapid hyperphosphorylation of the N F-H in perikarya of cultured rat dorsal root ganglia (DRG) and PC12 cells, which correlated with an increase in SAP kinase activity, as identified by Western blot analysis.
Various cytoskeletal proteins may be targeted by M APK . In proliferating cells the cytoskeletal reorganization during mitosis seems to be regulated by M APK phosphorylations (Shinohara-Gotoh et al., 1991; Verlhac et al., 1993; Minshull et al., 1994; Reszka et al., 1995) . C ytoskeletal reorganization in neurons (e.g., during axon outgrowth, regeneration, and synaptogenesis) also may depend on M APK phosphorylation. An immunocytochemical study at the light and EM levels has demonstrated that M APK is localized in the dendritic compartment associated with microtubules as well as in the cytosol of cell bodies (Fiore et al., 1993) . Moreover, M APK coprecipitates with microtubules through several cycles of microtubule purification from porcine brain . It hyperphosphorylates tau in vitro; 14 -16 proline-directed serine or threonine residues are phosphorylated, whereas tau in the normal adult brain has only two to three phosphorylated sites Goedert et al., 1992) . As a result of M APK hyperphosphorylation, human and /or bovine tau acquire abnormal properties; they dissociate from microtubules and produce paired helical filament structures resembling those of neurofibrillary tangles in Alzheimer neuron cell bod- ies (Roder and Ingram, 1991; Drewes et al., 1992; L u et al., 1993; Roder et al., 1993) .
Erk1,2 phosphorylation of cytoskeletal proteins such as MAPs, tau, and N FPs may play an important role in axon and dendritic growth and stabilization during development. Evidently, the MEK-regulated phosphorylation cascade via M APK (Erk1,2) activation appears to be essential to neurite outgrowth in NGFstimulated PC12 cells. The specific M EK inhibitor PD 98059 completely blocks the fourfold stimulation of M APK activity of PC12 cells and prevents neurite outgrowth, without affecting cell viability (Pang et al., 1996) . Our data on primary hippocampal cells also showed an inhibition of neurite outgrowth by the drug that was accompanied by inhibition of M AP, N F-H, and NF-M phosphorylation. The reduction in neurites, however, was not accompanied by a marked decrease in total cell protein as assayed by the actin or tubulin antibodies. Because there was no significant reduction in N F-L and particularly N F-M subunits (see Fig. 8 ), we assume that the level of total N F proteins also did not change significantly as a result of the drug treatment. As for NF-H, in these newly plated hippocampal cells it could be detected in its phosphorylated form only with SM I 31, in which a marked reduction in reactivity was observed after drug treatment. Reactivity to the phospho-independent SM I 33 antibody, however, showed a much lower decrease in N F-H (phospho and dephospho), which suggests that the effect of the drug on NF-H phosphorylation was significantly greater than the effect on total NF-H. We were unable to detect phospho or dephosphorylated NF-H in controls or experimentals with N 52 or SM I 32, probably because the epitopes were masked by the phosphorylated form or because the level of the specific phospho or nonphosphorylated epitopes was too low, attributable, in part, to low levels of synthesis at early stages (Benson et al., 1996) or to greater sensitivity of dephosphorylated N F-H to proteolysis (Goldstein et al., 1987; Pant, 1988) .
The decreased phosphorylation of M APs in the hippocampal cells strongly supports the argument that the M EK inhibitor reduced Erk1,2 activation by M EK , and, in turn, inhibited cytoskeletal protein phosphorylation. The fact that M AP phosphorylation (a specific endogenous substrate for M APK ; Ray and Sturgill, 1988) was inhibited markedly by the drug is consistent with the hypothesis that the inhibition of N F-H and NF-M phosphorylation is also attributable to Erk1,2. The robust expression of M AP phosphorylation in these cultured cells suggests that most of the neurites are dendritic in origin. Although tubulin and actin were unaffected by the treatment, reduced phosphorylation of M APs, N Fs, and presumably tau (another microtubuleassociated protein substrate of M APK) would affect the cytoskeletal interactions underlying neurite outgrowth and stabilization in the cultured cells.
NF phosphorylation is regulated topographically; although NF proteins are synthesized in cell bodies together with their specific kinases and activators, N F-M and N F-H tail domain phosphorylation of K SP repeats is delayed until neurofilaments enter the axon hillock and are transported down the axon (Glicksman et al., 1987; Nixon et al., 1987 Nixon et al., , 1994 Nixon and Sihag, 1991; Nixon and Shea, 1992; Pant and Veeranna, 1995) . In the mature axon a stable lattice of neurofilament proteins is produced that is resistant to proteases, probably as a consequence of phosphorylation of KSP repeats (Pant, 1988; Elhanany et al., 1994) . Phosphorylation of K SP motifs in N F-H and N F-M during development is correlated with the maturation and stabilization of the neuronal cytoskeleton as axon terminals reach their targets (C arden et al., 1987) . It is interesting to speculate that the signal for this phosphorylation is initiated at the terminals via a calcium-regulated Ras/MAPK cascade (Finkbeiner and Greenberg, 1996) . Activated kinases such as Erk1 and Erk2, perhaps together with cdc2-like kinases such as cdk5, then may phosphorylate the accessible KSP sites and induce sidearm formation and subsequent assembly of a stable cytoskeletal lattice that is resistant to proteases (Pant, 1988; Elhanany et al., 1994; Pant and Veeranna, 1995) . Alternatively, signaling of the MAPK cascade from surrounding glial cells may play an important role in the phosphorylation of axonal cytoskeletal proteins and contribute to an increase in axon caliber (de Waegh et al., 1992; Cole et al., 1994) .
